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Olfaction represents an important sensory modality for navigation of both homing
pigeons and wild birds. Experimental evidence in homing pigeons showed that airborne
volatile compounds carried by the winds at the home area are learned in association
with wind directions. When displaced, pigeons obtain information on the direction of their
displacement using local odors at the release site. Recently, the role of olfactory cues in
navigation has been reported also for wild birds during migration. However, the question
whether wild birds develop an olfactory navigational map similar to that described
in homing pigeons or, alternatively, exploit the distribution of volatile compounds in
different manner for reaching the goal is still an open question. Using an interdisciplinary
approach, we evaluate the possibilities of reconstructing spatio-temporally explicit
aerosol dispersion at large spatial scales using the particle dispersion model FLEXPART.
By combining atmospheric information with particle dispersion models, atmospheric
scientists predict the dispersion of pollutants for example, after nuclear fallouts or
volcanic eruptions or wildfires, or in retrospect reconstruct the origin of emissions such
as aerosols. Using simple assumptions, we reconstructed the putative origin of aerosols
traveling to the location of migrating birds. We use the model to test whether the putative
odor plume could have originated from an important stopover site. If the migrating
birds knew this site and the associated plume from previous journeys, the odor could
contribute to the reorientation towards the migratory corridor, as suggested for the model
scenario in displaced Lesser black-backed gulls migrating from Northern Europe into
Africa.
Keywords: particle dispersion model, orientation and navigation, bird migration, homing behavior, atmospheric
aerosols
INTRODUCTION
The use of olfactory cues for chemotaxis and navigation is well known and widespread in
insects (Vickers, 2000; Reinhard et al., 2004; Jacobs, 2012) and other taxonomic groups (Wiener
et al., 2011), but has until recently been controversial in birds (Wallraff, 2003, 2015; Alerstam,
2006). The avian olfactory navigation hypothesis was proposed by Papi in the early 1970s to
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explain the experimental evidence that: (a) homing pigeon
develop unimpaired navigational abilities only if they are exposed
to the natural winds at the home area (Wallraff, 1970a,b);
and (b) anosmic homing pigeons are dramatically impaired
at homing (Papi et al., 1972). According to this hypothesis
the navigation mechanism of homing pigeons is composed of
two phases: (i) a learning phase in which homing pigeons
learn the association between the wind borne odors and the
direction of the winds blowing at the home area (Ioalè et al.,
1990); and (ii) an operative phase in which the displaced birds
determine the direction of displacement by recognizing the
release site prevalent local odors and recalling the direction these
odors came from at the home area (Papi et al., 1973; Wallraff,
1990).
While a large body of experimental evidence in support of
olfactory navigation (Gagliardo et al., 2006) and the specific
role of environmental odors in homing pigeons navigation
accumulated (Benvenuti et al., 1973; Wallraff, 2005; Gagliardo
et al., 2011a,b; Gagliardo, 2013), little is known about the
distribution of the volatile compounds and even less about
the kind of molecules potentially used in the olfactory map
(Waldvogel, 1987; Wallraff, 1989, 2013). However, Wallraff and
Andreae (2000) conducted a chromatographic study on samples
of air collected within a wide region around a pigeon loft used
for many navigational experiments, and showed that volatile
organic compounds were distributed along fairly stable gradients.
In addition, a simulation test showed that stable ratios of at least
three different volatile compounds seemed to provide sufficient
information for allowing a homeward orientation of ‘‘virtual’’
pigeons, whose behavior was comparable to that observed in real
birds (Wallraff, 2000).
A paramount question is whether olfactory navigation is a
unique feature of homing pigeons or whether it is a widespread
mechanism in birds (Wallraff, 2004). Some encouraging results
in support of a common use of olfaction in avian navigation
(Fiaschi et al., 1974; Wallraff et al., 1995) have recently been
accumulated by tracking studies reporting impaired navigation
abilities in anosmic shearwaters displaced far from their nesting
colony (Gagliardo et al., 2013; Pollonara et al., 2015) and in
two species of migrating birds made anosmic and displaced
far from their migratory corridor (catbirds, Holland et al.,
2009; black backed gull Wikelski et al., 2015). The use of
environmental olfactory information for navigation in wild
avian species opened a number of questions on the way
olfactory signals might be learned and exploited in general by
migratory birds. For example, young shearwaters might learn
an olfactory map during their time on, and explorative flights
around, the native colony before their first migration, in a
way similar to that described for homing pigeons (Waldvogel
et al., 1978), i.e., by associating odors with wind directions.
However, since shearwaters use olfaction not only to locate
their own nest within their colony, but also for finding their
foraging sites in the open ocean (Grubb, 1974; Nevitt et al.,
2008; Reynolds et al., 2015), they might learn the differential
distribution of biogenic odors characterizing different sea areas
while wandering across the oceans for thousands of kilometers
during the non-reproductive period. In this way they might learn
an olfactory landscape of the visited oceanic areas—assuming
there exists some consistency in atmospheric odors over the
sea (Nevitt and Bonadonna, 2005)—in a similar way terrestrial
birds learn visual topographical cues of the areas they flew
over.
Wikelski et al. (2015) reported for the first time a GPS
tracking study supporting olfactory navigation in migrating
Lesser black-backed gulls belonging to a population breeding
in Finland and displaced to Heligoland, outside their familiar
range. Birds with an intact olfactory apparatus sooner or later
joined the migratory corridor of their population from the places
they were translocated to, eventually reaching their wintering
sites (Nile delta or Lake Victoria). The birds subjected to a
section of the olfactory nerves headed straight South instead,
ending their journey far from the migratory target, in an
area not normally used as wintering or non-breeding grounds
in this species. How migrating birds such as Lesser black-
backed gulls could have learned and exploited environmental
odors for finding back to their migratory corridor is presently
unknown. The birds might have learned an olfactory map by
associating the wind direction with the odors carried by the
winds at each stopover site, as hypothesized by Wallraff (2005).
In this view the stopover sites would not be olfactory signposts,
and the birds would have a more or less extended olfactory
map at each stopover site, depending on the information
carried by the winds blowing at the stopover site during the
stopover period. Under this scenario, if displaced from their
migratory corridor, the birds would determine the direction of
displacement on the basis of local odors at the release site. A
second hypothesis, that does not necessarily exclude the previous
one, is that migratory birds might have learned characteristic
odors of some stopover sites and after displacement, might
have been helped by a plume transporting particles from these
stopover site to the bird’s current location, by simply flying
against the plume. Under this scenario, the plume would
not have to be permanently available, but instead it could
be sufficient to get a ‘‘nose of air’’ from approximately the
right direction once in a while. In this case, each stopover
site would act like an olfactory signpost. It should be noted,
however, that the use of the plume is not an olfactory
navigation in a strict sense (it does not imply the use of
an olfactory map), but rather chemotaxis, i.e., orientation
towards or away from an olfactory source. This mechanism of
using environmental odors is much simpler compared to an
olfactory map, and does not require high cognitive abilities.
However, reaching a goal simply by flying against a plume can
be done only under certain wind conditions where particles
originating from the goal can reach the subject. Nevertheless,
it might have other advantages, such as a fast and simple
learning.
So far the use of an olfactory plume was not considered
necessary in birds and remained undemonstrated. For example,
intact shearwaters displaced east from the Azores were able
to find their way home despite the fact that the winds were
not carrying the home island information (the winds were
never blowing from west during the birds’ homing flight;
Gagliardo et al., 2013). Similarly, in homing pigeons many
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experiments speak against the use of a plume, as homing
pigeons were shown to head home even if released in anosmic
condition, provided that they had been exposed to the olfactory
information of the release site prior to the release (Wallraff,
2005; Gagliardo, 2013; Gagliardo et al., 2016). Although it
seems unlikely that olfactory signals-based navigation might
be exclusively based on chemotaxis, the ability of migrating
birds to take advantage of wind borne odors originating
from particularly important stopover cannot be excluded
a priori.
Increasing computational capacities and recent innovations
in modeling and the reconstruction of atmospheric flow are
currently providing weather data at continental to global scale at
increasingly higher spatial and temporal resolution. Atmospheric
scientists are increasingly able to redraw the purported chemical
trails and the estimated path of particles in the atmospheric
column with the help of particle dispersion models in a spatially
and temporally explicit way with increasing precision and
accuracy (Stohl et al., 1998, 2005; Hegarty et al., 2013).
Here, we use the commonly used model FLEXPART1 (Stohl
et al., 2005) to evaluate a particle dispersionmodel in conjunction
with wind data obtained from the European Centre for Midrange
Weather Forecast (ECMWF2). We attempt to reconstruct the
origins of particles arriving at specific locations of 20 trans-
located and sensory manipulated Lesser black-backed gulls
(Larus fuscus) equipped with GPS devices (Wikelski et al., 2015),
using strong simplifying assumptions. FLEXPART allows the
reconstruction of the origin of emission of particles with respect
to a specific location backwards in time, a feature used to locate
the potential source of pollutants arriving at specific places
(Seibert and Frank, 2004). Here, we use this tool to assess the
extent to which a plume originating from the migratory corridor
of Lesser black-backed gulls migrating from Finland, could have
affected the orientation of birds that were either able or unable to
smell.
MATERIALS AND METHODS
We modeled particle dispersion for migratory trajectories of
20 Lesser black-backed gulls (Larus fuscus) used in a recent
experimental study investigating the role of different sensory
modalities for true navigation during migration (Figure 1;
Wikelski et al., 2015; data repository: doi:10./001/1.q986rc29).
The tracks for which we calculated the particle dispersion models
were: (i) birds with their olfactory nerves sectioned (ONS);
and (ii) gulls with intact olfactory nerves (ION). The latter
group was composed of both un-manipulated gulls and gulls
subjected to the section of the ophthalmic branch of their
trigeminal nerves. The displaced birds were trans-located from
their breeding grounds to presumably unfamiliar areas between
850 and 1000 km West and East, respectively (for details see
Wikelski et al., 2015).
For the time between the start of the migration and when
each individual reached the coast of North Africa, we linearly
1https://www.flexpart.eu/
2http://www.ecmwf.int/
FIGURE 1 | Migratory sections of the tracks of the 20 Lesser
black-backed gulls (Larus fuscus) for which particle dispersion
models were calculated. The data are from Wikelski et al. (2015). Each
color represents a different individual.
interpolated the locations to hourly estimated positions on a
straight line connection between the known positions for each
individual. For each of these locations and times, including
the GPS reported locations, we modeled the origin of particles
that arrive. To model the particle dispersion, we made a few
simplifying assumptions. First, chemicals carried by winds were
assumed to be aerosols. Underlying this assumption is a series
of physical attributes that result into a certain decay and
propagation in the atmospheric column, in turn defining the
FLEXPART model outcome. In addition, we assumed, due to
the lack of alternative realistic scenarios, that massless aerosols
were emitted at a spatially uniform and constant rate throughout
the entire area (Northern Europe to the north coast of Africa).
The emission rate refers to how many presumed particles a
specific landscape emits into the atmospheric column per unit of
time. We further allowed aerosol particles to travel a maximum
of 3 days (SOM V1). Thus, for any known location of the
birds, using the above mentioned assumptions, we assessed the
average putative concentration of aerosols that could potentially
have been received by the bird and traced them back to where
they were emitted. We used an air-tracer to reconstruct the
movement of air masses with three different specified upper
boundaries. Based on a global output grid of a 0.2◦ resolution,
we simulated three atmospheric levels with an upper boundary
at 100, 3000 and 50,000 m. Using a backward simulation with
each gulls’ location and time as the target location, including
the interpolated hourly locations, we assumed that the gulls
had a 5 min reception period at the respective locations and
times, and that the perceived particles arriving at the locations
during the specified times could be detected from 0 m to
30 m above ground level. For each simulation 100,000 particles
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were emitted in total over the entire area in question defined
by the 3 days travel time allowed for the particles. Once the
simulations using FLEXPART were concluded, we converted
the output data with the python library ‘‘pflexible’’ (Burkhart,
2011) to R rasters and summed the results of the simulations
across altitudes as well as the entire time period to reconstruct
the relative density of paths of particles arriving at the gull
locations.
Chemotaxis has received little support in the avian olfactory
navigation theory because under the simplest scenario, it requires
high temporal stability of the olfactory information, thereby
allowing the birds to follow the traces to the source for
as long as the information is available. Using the particle
dispersion model we looked at whether, as a prerequisite for
gradient climbing, the olfactory information was persistent
enough to enable the birds to follow the olfactory information
over the periods of the time necessary to trace back to
their migratory corridor. If translocated birds were able to
trace their way back, we expected the spatial pattern in
the concentration gradients of the particles received at the
birds’ locations to autocorrelate, and this correlation should be
maintained over time. We therefore calculated a correlogram
which quantifies the correlation coefficient between subsequent
FLEXPART model outputs as a function of time between
them.
In addition, we calculated how many particles the birds
belonging to the ION and SON groups could have ‘‘collected’’
over the entire course of their migratory journey. We expected
that, if olfactory information is used continuously and repeatedly
throughout the journey, the anosmic birds would be less
likely to follow olfactory traces and thus collect more particles
along their migratory journey than the birds capable of
smelling, as the latter react to the olfactory information
and thus climb olfactory gradients quickly. Thus, anosmic
birds should be exposed to a lot of olfactory information
from their migratory corridor and not react to it, whereas
control birds should use little olfactory information to return
to their migratory corridor quickly. We therefore calculated,
for each hourly raster, the average putative particle densities
potentially perceived at the gull’s position. We then summed
the particle density values for any given time step for all the
locations the bird visited. In short, using this approach we
calculated the particles that a bird would collect after having
received the olfactory information and potentially reacting to
it by changing its path and subsequently tracking the odor
particles to the origin of their releasing sites. Under this
scenario, a bird does not necessarily climb a concentration
gradient and the results are therefore not affected by the
presence or absence of a potential olfactory plume. To
account for individual differences in migratory speed and
length of trajectories, we calculated the total sum of the
accumulated particles divided by the number of locations for
each bird.
Finally, we determined for 17 of the 20 Lesser black-backed
gulls in a binary classification whether, or not, an individual got
aerial information from either the original migratory corridor
or the goal areas (see Wikelski et al., 2015). Subsequently, we
determined whether a bird changed its flight direction towards
these areas over the course of 500 km before and 500 km
after this potential information was received. For this analysis,
we left out the three individuals migrating along the Caspian
sea because their regular migratory corridor was unknown.
We thus investigated whether the birds could have followed
a chemical cue, they possibly associated with a location they
wanted to reach.
Using these two analyses, we investigated whether the birds,
after perceiving a transient olfactory information, reoriented and
subsequently moved towards the migration corridor from which
they were displaced. In essence, we modeled the path of all
particles arriving at the birds location from all locations over the
entire tracking period. For visual clarity, we restrict our figures to
a certain level of aerosol concentrations, representing the paths of
particles arriving at each birds’ locations at an hourly interval (for
a window of 5 min) while being emitted over continental Europe
during the past 3 days prior to each hourly location of each of the
birds.
RESULTS
We calculated 12,939 hourly particle clouds using FLEXPART for
20 birds along their movement trajectories. Aerial information
proved highly dynamic as a consequence of the atmospheric
conditions during the migratory period. Figure 2 exemplifies
the plumes perceived by individual gulls at three different
locations during their migratory journeys (at the beginning,
1/3 and 2/3 of the track). In general, it can be said that
particles arriving at the birds’ locations had a temporally highly
varying spatial provenance, yet we found little evidence for
turbidity or stochasticity, i.e., there was no formation of random
islands of particle sources or strongly deflected distant sources
of aerosols that could not be associated with wind direction
for orientation. Thus, the origins of the particles were usually
spatially highly concentrated and the aerosol particle clouds
were funneled, showing clear directional characteristics (Figure 2
for example; see also Supplementary Videos in ‘‘Supplementary
Presentation 1’’).
The correlogram (Figure 3), expressing the overlap between
subsequent combinations of the spatially explicit model
predictions up to 48 h within the same individual, suggested very
low similarity at low temporal lags, further decreasing rapidly.
After on average 24 h the correlation between the concentrations
dropped to almost zero.
The comparison of the accumulated particles during the
migratory period suggested a trend towards lower particle
accumulation in the birds capable of perceiving olfactory
information vs. the anosmic birds with their sectioned olfactory
nerves (Figure 4). The control and the trigeminal sectioned birds
showed similar levels of accumulation as the anosmic birds.
Out of the 17 individuals migrating South after being
dislocated to Heligoland from their original Finnish population,
11 had an intact sense of smell and six were deprived of it.
Eight out of these 11 individuals received particles from the
population’s migratory corridor and reoriented and joined the
original migratory corridor. The remaining three did not receive
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FIGURE 2 | Four examples of odor plumes representing the source location of the particles arriving at three positions of each individual track (start,
position at 1/3 an 2/3 of the total track). The colors represent the relative contribution of the sources to the particle mixture modeled to arrive at each respective
position, with warm colors representing higher contributions. These particle dispersion models were calculated for all hourly interpolated locations of all 20 bird tracks
used in the study. The individual gull tracks from data repository doi:10./001/1.q986rc29. We could include in our study were 91910, 91750, 91745, 91911, 91908,
91907, 91864, 91821, 91823, 91811, 91845, 91881, 91819, 91877, 91852, 91782, 91871, 91916, 91802, 91783. The three gulls left out for the corridor analysis
were 91811, 91845, 91881. Please see Supplementary Material for videos showing odor plumes.
particles, according to the FLEXPART models, of which two
did not join the migratory corridor, whereas one eventually
did. This one gull apparently followed the coastline of North
Africa visually and in this way ended up within the migratory
corridor.
For eight birds for which we had detailed GPS information
for 500 km before and 200 km after they changed their
direction of travel, we observed that they significantly changed
their orientation after having been exposed to the aerial
information coming from the migratory corridor (Hotelling
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FIGURE 3 | Correlogramm of the hourly and spatially explicit particle
dispersion models showing a steep decrease in correlation between
modeled particle dispersion models over time. The lag indicates the
difference in hours between two models, where we selected for lags between
1 and 48 h for each 50 (if present) random pairs of model predictions to
calculate the average individual correlation of model predictions as a function
of the time lag (colored lines). The black solid and dashed lines represent the
mean ± standard deviation.
test for paired data, F = 204, P < 0.001), and significantly
oriented towards the plume direction (birds’ distribution
setting the plume direction to 360◦; mean vector length
and direction: r = 0.75, α = 356◦, V test P < 0.001).
Therefore the exposure to the plume from the migratory
corridor seemed to have significantly affected their orientation
producing an important change of direction towards the
goal.
For the eight birds that reoriented, the directional change
in the flight path towards the migratory corridor was positively
correlated with the angle at which the aerial information arrived
at the bird, i.e., the wind direction over the last 30 km
before the wind arrived at the location of the bird. If aerial
information, i.e., particles carried by winds from the migratory
corridor, arrived at the bird as a tailwind (i.e., from NNE
during the southward migration), the bird made only a small
correction towards the migratory corridor (i.e., towards the
SSE; Figure 5). If the aerial information from the migratory
corridor arrived more as a headwind (i.e., from ESE), the bird
corrected it’s path at a steeper angle towards the migratory
corridor.
Of the six gulls without a sense of smell, all received
particles and only one bird apparently reoriented, i.e., changed
its direction between the previous 500 km and 500 km after
receiving particles from the migratory corridor. A Chi-square
test suggested that the pattern of reorientation depending on
the ability to smell or not was not random (X2 = 13.5, n = 17,
P = 0.025).
FIGURE 4 | Boxplot of the accumulated particles for two treatment
groups. “Smell” the birds capable of smelling and “No smell” those incapable
of smelling. The values represent the source contributions as modeled by
FLEXPART by spatially overlaying the predicted particle dispersion model
output with the future locations of positions where the birds were considered
having actively moved to by applying a velocity threshold of 2 ms−1 between
two consecutive locations. The difference in the two classes of birds was
non-significant according to Wilcoxon rank-sum test (p > 0.05).
DISCUSSION
We used a particle dispersion model in combination with the
tracking data of migratory Lesser black-backed gulls to gain first
insights and testable hypotheses for the future as to how aerial
information could be used by migratory birds when displaced
from their regular migration corridor. The particle dispersion
FIGURE 5 | Plot showing the relationship between the direction of
aerial information relative to the flight direction of the gull over the last
500 km and the change in flight direction for the next 200 km after
receiving aerial information from the migratory corridor. Each point
represents one gull. The direction of the plume was determined over the last
30 km before being perceived by the bird.
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model allowed us to get a first estimate on the possible origins
of the particles arriving at the birds’ locations.
The analysis of the behavior of the birds reorienting in the
expected direction suggests that despite the admittedly naïve
models we used, the model outcome could have biological
relevance. Although we cannot exclude the use of an olfactory
map, our analysis suggested that birds with an intact olfactory
apparatus might have exploited information borne by a air plume
originating from the migratory corridor. The birds showed a
significant change in direction after having been exposed to the
wind from the direction of the migratory corridor. However,
the extent of their deflection might depend on the angle at
with their received their purported aerial information from the
migratory corridor. With tail wind from the migratory corridor,
the birds corrected with small angular changes towards the
corridor, because flying against wind would be incompatible
with their migratory direction. Whenever they received lateral
or headwinds from the migratory corridor, the birds reoriented
more steeply towards the corridor. Such a behavior could indicate
a simple ‘‘rule of thumb’’ that would make sense under most
atmospheric conditions, i.e., ‘‘adjust the angle of reorientation
according to the direction you receive the wind that carries the
particles originating from the migratory corridor’’ (Figure 5).
The use of a plume carrying chemical cues originating from
the goal was hypothesized for white-chinned petrel displaced
at relatively short distance from the island (Benhamou et al.,
2003). Here we report for the first time, a case of long distance
displacement for which the wind pattern observed during
tracking experiments are not incompatible with the use of a
plume.
A reorientation based on information carried by a plume
originated from the migratory corridor implies that the
experienced (adult) birds must have previously been exposed to,
and should have memorized, at least some of the specific local
odors along their original migratory route. Therefore, both for
the use of a plume and for the use of an olfactory map, a high
level of fidelity to the samemigratory corridor through successive
migratory flights might enrich and strengthen olfactory learning,
depending of the level of stability of the odor patterns through
different years.
Applying the particle dispersion models also revealed and
identified the parameters that could largely affect the model
outcome. However, a more realistic approximation of the origin
and concentration of aerosols received at the location of the birds
requires not only detailed knowledge of emission rates, but also
knowledge about the particle chemistry and sensitivity of the
animals towards different chemicals at neuro-receptor levels for
each individual. Such information is currently not available, but
can be gathered in the future.
The prediction quality of FLEXPART is essentially influenced
by the accuracy of the underlying tracer algorithms and their
limitations, but also strongly influenced by the assumptions
about the aerosol chemistry (Stohl et al., 1998; Hegarty
et al., 2013). Applying a particle dispersion model therefore
revealed some gaps in our knowledge that could be addressed
in the quest for more realistic predictions. The chemical
compounds are the most important and essential factor
unknown in the quest to a more realistic modeling of
the olfactory information perceived. Although we know that
birds use olfactory information, next to nothing is actually
known about the identity of the molecules involved, their
persistence in the environment, and the rates with which
they are produced and emitted (Wallraff and Andreae, 2000).
We arbitrarily chose default physical attributes of aerosols
under the assumption that the olfactory chemicals should
at least be partially water soluble and therefore accumulate
and propagate like aerosols. But knowing more about the
chemicals and their fate when emitted would clearly help to
better predict their concentration, their halftime and how they
decay into other chemicals, which in turn potentially can have
additional, altered information content, for example, about
distance and thus reliability of the association of wind direction
and olfactory target. Next, it would be highly informative to
know more about the identity and the physical attributes of
the particle sources, the chemicals suspected to be involved
in the navigation and orientation behavior. At the receiver,
i.e., the bird’s brain, it would be beneficial to know the
behaviorally relevant perception thresholds for the various
chemical suspects in the cocktail of chemical compounds
received and used for orientation. Finally, another big unknown
in the communication chain is the emission rate with which
the relevant chemicals are produced and emitted. Large-scale
in situ measurements of emission rates will probably prove
unrealistic, but once the chemicals are identified, it should be
possible to find proxies that can be measured, ideally using
remote sensing tools to extrapolate likely release rates at the
relevant spatio-temporal scales. Insight into these chemicals
and their distribution can also inform experiments where, for
example, a priori predications can be made for decisions of
migrants based on dispersion models and knowledge of release
rates.
Finally, the model predictions should ideally be verified
to become further improved following a reanalysis approach
(Stohl et al., 1998). Both particle dispersion models as well
as weather models have limitations that affect the prediction
outcomes and should be improved. In large scale weather
models, local wind patterns cannot be well reflected and maybe
one of the major bottlenecks in applying FLEXPART. We
suggest the combination of regional atmospheric models such
as RAMS (Pielke et al., 1992) and FLEXPART could yield
acceptable high resolution dispersion models. A procedure
commonly adopted in spatial statistics, where model predictions
are re-analyzed after a first round of analysis, by re-fitting
the predictions to independent measurements could be a
way forward, if independent measurements were available.
Novel tools might help, as it is becoming feasible to measure
chemical composition of the particles in situ, which can provide
the independent measurements required for such re-analysis
models. From the perspective of the neurobiology of olfactory
navigation, the combination of such aerial chemical sampling
while simultaneously recording the electro encephalograms
and olfactory nerve activity of free-flying birds could soon
yield insights into candidate chemicals acting as messengers in
olfactory navigation (Vyssotski et al., 2009).
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A wealth of studies exist that have investigated chemotaxis
and olfactory navigation along pheromone trails on substrate
and aerial particles in non-avian species, mainly in insects and
mammals and often under controlled laboratory conditions
(summarized, e.g., in Wiener et al., 2011). The understanding
of the different factors influencing olfactory navigation and
the use of wind-borne odor cues is not only important to
navigation in birds, but for a wide range of animals with possibly
broad evolutionary implications. The olfactory spatial hypothesis
(Jacobs, 2012) postulates that olfactory maps influence the
brain organization in the animal kingdom, more specifically the
olfactory bulb and hippocampus in vertebrates (Jacobs, 2012).
Modeling particle dispersion for other taxa could therefore
provide an additional tool to answer some questions, particularly
in species where more is known about the olfactory system than
in birds. In frugivorous and nectarivorous bats (Phyllostomidae
and Pteropodidae), for example, it has been shown that sulfurous
compounds produced by the host plants may act as olfactory
cues (Dechmann and Safi, 2005). In these systems, emission
rates could be measured and/or manipulated more easily.
Comparative studies suggested that in these bats the different
tasks of navigation over long and short distance have selected
for the combination of large olfactory bulbs and hippocampi
relative to body sizes (Safi and Dechmann, 2005; Dechmann
and Safi, 2009). However, although the chemical compounds in
various study systems are known, we fear that the complexities
involved in reconstructing the olfactory landscapes are much
more challenging than for birds at the scale that we presented
here. Modeling particle dispersion in dense forests, for the bat
example, or in the wild at a much smaller spatial scale of a
few hundred meters, for insects and other small scale studies,
seems like a challenging task, due to the effect of turbulences
at those scales. Nevertheless, such studies have successfully been
conducted (e.g., Vickers, 2000; Reinhard et al., 2004; Gaudry
et al., 2012).
In the future, bringing together atmospheric science,
movement ecology as well as neuroscience and chemical
ecology while combining laboratory-based experimental
approaches with data collection and studies at the relevant
landscape levels may prove beneficial for all involved
disciplines, and the question how animals navigate globally
in their physical environment. Particle dispersion models,
when refined and improved in the way we suggest above,
may provide helpful tools in understanding and predicting
the environmental conditions relevant for many biological
processes happening in the highly dynamic atmospheric
column.
AUTHOR CONTRIBUTIONS
KS, MW and BK jointly conceived the study and analyzed the
data. All authors wrote the manuscript.
FUNDING
Funding was provided by the Max Planck Institute for
Ornithology.
ACKNOWLEDGMENTS
We thank Elena Arriero, Richard A. Holland, Markku
J. Huttunen, Risto Juvaste, Inge Müller, Kasper Thorup
and Martin Wild for collecting and providing the field data
presented in this study. We are grateful to two anonymous
reviewers for their comments on our manuscript. The
Max Planck Computing Center (MPCDF) for providing
computational facilities. For the simulations, FLEXPARTs data
of the ECMWF were used, the data and initial advice were
provided by Sabine Eckhardt of NILU—Norwegian Institute of
Air Research.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fnbeh.2016.
00175
REFERENCES
Alerstam, T. (2006). Conflicting evidence about long-distance animal navigation.
Science 313, 791–794. doi: 10.1126/science.1129048
Benhamou, S., Bonadonna, F., and Jouventin, P. (2003). Successful homing of
magnet-carrying white-chinned petrels released in the open sea. Anim. Behav.
65, 729–734. doi: 10.1006/anbe.2003.2092
Benvenuti, S., Fiaschi, V., Fiore, L., and Papi, F. (1973). Homing performances
of inexperienced and directionally trained pigeons subjected to
olfactory nerve section. J. Comp. Physiol. 83, 81–92. doi: 10.1007/bf006
94575
Burkhart, J. F. (2011). Pflexible. Available online at: https://pflexible.readthedocs.
org/en/latest/index.html
Dechmann, D. K. N., and Safi, K. (2009). Comparative studies of brain evolution:
a critical insight from the Chiroptera. Biol. Rev. Camb. Philos. Soc. 84, 161–172.
doi: 10.1111/j.1469-185x.2008.00067.x
Dechmann, D. K. N., and Safi, K. (2005). Studying communication in bats. Cogn.
Brain Behav. 9, 479–496.
Fiaschi, V., Farina, A., and Ioalé, P. (1974). Homing experiments on swifts Apus
apus (L.) deprived of olfactory perception.Monit. Zoolog. Ital. Ital. 8, 235–244.
Gagliardo, A. (2013). Forty years of olfactory navigation in birds. J. Exp. Biol. 216,
2165–2171. doi: 10.1242/jeb.070250
Gagliardo, A., Bried, J., Lambardi, P., Luschi, P., Wikelski, M. and Bonadonna, F.
(2013). Oceanic navigation in Cory’s shearwaters: evidence for a crucial role
of olfactory cues for homing after displacement. J. Exp. Biol. 216, 2798–2805.
doi: 10.1242/jeb.085738
Gagliardo, A., Filannino, C., Ioalè, P., Pecchia, T., Wikelski, M., and
Vallortigara, G. (2011a). Olfactory lateralization in homing pigeons: a GPS
study on birds released with unilateral olfactory inputs. J. Exp. Biol. 214,
593–598. doi: 10.1242/jeb.049510
Gagliardo, A., Ioalè, P., Filannino, C., and Wikelski, M. (2011b). Homing pigeons
only navigate in air with intact environmental odours: a test of the olfactory
activation hypothesis with GPS data loggers. PLoS One 6:e22385. doi: 10.
1371/journal.pone.0022385
Gagliardo, A., Ioalè, P., Savini, M., and Wild, J. M. (2006). Having the nerve to
home: trigeminal magnetoreceptor versus olfactory mediation of homing in
pigeons. J. Exp. Biol. 209, 2888–2892. doi: 10.1242/jeb.02313
Gagliardo, A., Pollonara, E., andWikelski, M. (2016). Pigeon navigation: exposure
to environmental odours prior release is sufficient for homeward orientation,
but not for homing. J. Exp. Biol. 219, 2475–2480. doi: 10.1242/jeb.140889
Frontiers in Behavioral Neuroscience | www.frontiersin.org 8 October 2016 | Volume 10 | Article 175
Safi et al. Avian Olfactory Navigation at Continental Scale
Gaudry, Q., Nagel, K. I., andWilson, R. I. (2012). Smelling on the fly: sensory cues
and strategies for olfactory navigation in Drosophila. Curr. Opin. Neurobiol. 22,
216–222. doi: 10.1016/j.conb.2011.12.010
Grubb, T. C. Jr. (1974). Olfactory navigation to the nesting burrow in Leach’s petrel
(Oceanodroma Leucorrhoa). Anim. Behav. 22, 192–202. doi: 10.1016/s0003-
3472(74)80069-2
Hegarty, J., Draxler, R. R., Stein, A. F., Brioude, J., Mountain, M., Eluszkiewicz, J.,
et al. (2013). Evaluation of lagrangian particle dispersion models with
measurements from controlled tracer releases. J. Appl. Meteorol. Climatol. 52,
2623–2637. doi: 10.1175/jamc-d-13-0125.1
Holland, R. A., Thorup, K., Gagliardo, A., Bisson, I. A., Knecht, E., Mizrahi, D.,
et al. (2009). Testing the role of sensory systems in the migratory
heading of a songbird. J. Exp. Biol. 212, 4065–4071. doi: 10.1242/jeb.
034504
Ioalè, P., Nozzolini, M., and Papi, F. (1990). Homing pigeons do extract directional
information from olfactory stimuli. Behav. Ecol. Sociobiol. 26, 301–305. doi: 10.
1007/bf00171094
Jacobs, L. F. (2012). From chemotaxis to the cognitive map: the function of
olfaction. Proc. Natl. Acad. Sci. U S A 109, 10693–10700. doi: 10.1073/pnas.
1201880109
Nevitt, G. A., and Bonadonna, F. (2005). Sensitivity to dimethyl sulphide suggests
a mechanism for olfactory navigation by seabirds. Biol. Lett. 1, 303–305. doi: 10.
1098/rsbl.2005.0350
Nevitt, G. A., Losekoot, M., and Weimerskirch, H. (2008). Evidence for olfactory
search in wandering albatross, diomedea exulans. Proc. Natl. Acad. Sci. U S A
105, 4576–4581. doi: 10.1073/pnas.0709047105
Papi, F., Fiore, L., Fiaschi, V., and Benvenuti, S. (1972). Olfaction and homing
in pigeons. Monit. Zool. Ital. Ital. J. Zool. 6, 85–95. Available online at:
http://www.tandfonline.com/doi/abs/10.1080/00269786.1972.10736187
Papi, F., Fiore, L., Fiaschi, V., and Benvenuti, S. (1973). An experiment for testing
the hypothesis of olfactory navigation of homing pigeons. J. Comp. Physiol. 83,
93–102. doi: 10.1007/bf00694576
Pielke, R. A., Cotton, W. R., Walko, R. L., Tremback, C. J., Lyons, W. A.,
Grasso, L. D., et al. (1992). A comprehensive meteorological modeling
system—RAMS. Meteorol. Atmos. Phys. 49, 69–91. doi: 10.1007/BF01
02540
Pollonara, E., Luschi, P., Guilford, T., Wikelski, M., Bonadonna, F., and
Gagliardo, A. (2015). Olfaction and topography, but not magnetic cues,
control navigation in a pelagic seabird: displacements with shearwaters in the
mediterranean sea. Sci. Rep. 5:16486. doi: 10.1038/srep16486
Reinhard, J., Srinivasan, M. V., and Zhang, S. (2004). Olfaction: scent-triggered
navigation in honeybees. Nature 427:411. doi: 10.1038/427411a
Reynolds, A. M., Cecere, J. G., Paiva, V. H., Ramos, J. A., and Focardi, S. (2015).
Pelagic seabird flight patterns are consistent with a reliance on olfactory maps
for oceanic navigation. Proc. Biol. Sci. 282:20150468. doi: 10.1098/rspb.2015.
0468
Safi, K., and Dechmann, D. K. N. (2005). Adaptation of brain regions to habitat
complexity: a comparative analysis in bats (Chiroptera). Proc. R. Soc. B Biol.
Sci. 272, 179–186. doi: 10.1098/rspb.2004.2924
Seibert, P., and Frank, A. (2004). Source-receptor matrix calculation with a
Lagrangian particle dispersion model in backward mode. Atmos. Chem. Phys.
4, 51–63. doi: 10.5194/acp-4-51-2004
Stohl, A., Forster, C., Frank, A., Seibert, P., and Wotawa, G. (2005).
Technical note: the lagrangian particle dispersion model FLEXPART
version 6.2. Atmos. Chem. Phys. 5, 2461–2474. doi: 10.5194/acpd-5-4739-
2005
Stohl, A., Hittenberger, M., and Wotawa, G. (1998). Validation of the lagrangian
particle dispersion model FLEXPART against large-scale tracer experiment
data. Atmos. Environ. 32, 4245–4264. doi: 10.1016/s1352-2310(98)00184-8
Vickers, N. (2000). Mechanisms of animal navigation in odor plumes. Biol. Bull.
198, 203–212. doi: 10.2307/1542524
Vyssotski, A. L., Dell’Omo, G., Dell’Ariccia, G., Abramchuk, A. N., Serkov, A. N.,
Latanov, A. V., et al. (2009). EEG responses to visual landmarks in flying
pigeons. Curr. Biol. 19, 1159–1166. doi: 10.1016/j.cub.2009.05.070
Waldvogel, J. A. (1987). Olfactory navigation in homing pigeons: are the current
models atmospherically realistic? Auk 104, 369–379. doi: 10.2307/4087533
Waldvogel, J. A., Benvenuti, S., Keeton,W. T., and Papi, F. (1978). Homing pigeon
orientation influenced by deflected winds at home loft. J. Comp. Physiol. A 128,
297–301. doi: 10.1007/bf00657604
Wallraff, H. G. (1970a). Über die Flugrichtungen verfrachteter Brieftauben in
Abhängigkeit vom Heimatort und vom Ort der Freilassung. Z. Tierpsychol. 27,
303–351.
Wallraff, H. G. (1970b). Further aviary experiments with homing
pigeons–probable influence of dynamic factors of atmosphere on their
orientation. Z. Vgl. Physiol. 68, 182–201. doi: 10.1007/BF00297694
Wallraff, H. G. (1989). Simulated navigation based on unreliable sources of
information (models on pigeon homing. Part 1). J. Theor. Biol. 137, 1–19.
doi: 10.1016/s0022-5193(89)80145-6
Wallraff, H. G. (1990). Conceptual approaches to avian navigation systems.
Experientia 46, 379–388. doi: 10.1007/BF01952171
Wallraff, H. G. (2000). Simulated navigation based on observed gradients of
atmospheric trace gases (Models on pigeon homing, part 3). J. Theor. Biol. 205,
133–145. doi: 10.1006/jtbi.2000.2052
Wallraff, H. G. (2003). Zur olfaktorischen Navigation der Vögel. J. für Ornithol.
144, 1–32. doi: 10.1007/bf02465514
Wallraff, H. G. (2004). Avian olfactory navigation: its empirical foundation
and conceptual state. Anim. Behav. 67, 189–204. doi: 10.1016/j.anbehav.2003.
06.007
Wallraff, H. G. (2005). Avian Navigation: Pigeon Homing as a Paradigm. Berlin,
Heidelberg: Springer.
Wallraff, H. G. (2013). Ratios among atmospheric trace gases together with
winds imply exploitable information for bird navigation: a model elucidating
experimental results. Biogeosciences 10, 6929–6943. doi: 10.5194/bg-10-6929-
2013
Wallraff, H. G. (2015). An amazing discovery: bird navigation based on olfaction.
J. Exp. Biol. 218, 1464–1466. doi: 10.1242/jeb.109348
Wallraff, H. G., and Andreae, M. O. (2000). Spatial gradients in ratios
of atmospheric trace gases: a study stimulated by experiments on bird
navigation–19066. Tellus B 52, 1138–1157. doi: 10.1034/j.1600-0889.2000.
00099.x
Wallraff, H. G., Kiepenheuer, J., Neumann, M. F., and Streng, A. N. D. A. (1995).
Homing experiments with starlings deprived of the sense of smell. Condor 97,
20–26. doi: 10.2307/1368979
Wiener, J., Shettleworth, S., Bingman, V. P., Cheng, K., Healy, S., Jacobs, L. F., et al.
(2011). ‘‘Animal navigation-a synthesis,’’ in Animal Thinking: Contemporary
Issues in Comparative Cognition, eds R. Menzel and J. Fischer. (Cambridge,
MA: MIT Press), 52–76.
Wikelski, M., Arriero, E., Gagliardo, A., Holland, R. A. R. A., Huttunen, M. J. M. J.,
Juvaste, R., et al. (2015). True navigation in migrating gulls requires intact
olfactory nerves. Sci. Rep. 5:17061. doi: 10.1038/srep17061
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Safi, Gagliardo, Wikelski and Kranstauber. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution and reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 9 October 2016 | Volume 10 | Article 175
